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Abstract 
The splicing of backscattered scanning electron microscopy (SB-SEM) method was applied to 
evaluate the microscopic pore characteristics of the Lower Silurian Longmaxi Shale samples from 
Py1 well in Southeast Chongqing, China. The results from SB-SEM, including frequencies, 
volumes and specific surface areas of organic and inorganic pores with different sizes, were 
compared with those of low temperature nitrogen adsorption/desorption (LTNA) and mercury 
intrusion porosimetry (MIP). The results show that the changes in organic and inorganic surface 
porosity with increasing image area estimated from the SB-SEM method become almost stable 
when the SB-SEM image areas are larger than 0.4 mm2, which indicates that the heterogeneities of 
organic and inorganic pore volumes in shale samples can be largely overcome. This method is 
suitable for evaluating the microscopic pore characteristics of shale samples. Although the SB-SEM 
underestimates the frequencies, volumes and specific surface areas of pores smaller than its 
resolution, it can obtain these characteristics of pores larger than 100 nm in width, which are not 
effectively evaluated by the LTNA method and are underestimated by the MIP method. 
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Abstract 
The splicing of backscattered scanning electron microscopy (SB-SEM) method was applied to 
evaluate the microscopic pore characteristics of the Lower Silurian Longmaxi Shale samples from 
Py1 well in Southeast Chongqing, China. The results from SB-SEM, including frequencies, 
volumes and specific surface areas of organic and inorganic pores with different sizes, were 
compared with those of low temperature nitrogen adsorption/desorption (LTNA) and mercury 
intrusion porosimetry (MIP). The results show that the changes in organic and inorganic surface 
porosity with increasing image area estimated from the SB-SEM method become almost stable 
when the SB-SEM image areas are larger than 0.4 mm2, which indicates that the heterogeneities of 
organic and inorganic pore volumes in shale samples can be largely overcome. This method is 
suitable for evaluating the microscopic pore characteristics of shale samples. Although the SB-SEM 
underestimates the frequencies, volumes and specific surface areas of pores smaller than its 
resolution, it can obtain these characteristics of pores larger than 100 nm in width, which are not 
effectively evaluated by the LTNA method and are underestimated by the MIP method. 
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1. Introduction 
The pore characteristics of shale reservoir are a focus of research because pore size distributions 
(including frequencies and volumes of pores with different sizes) and the specific surface areas of 
nanometer- to micrometer-scale pores have great significance in terms of the storage capacity and 
flow characteristics of shale gas. At present, the measurement techniques that are used in 
assessment of the microscopic pore characteristics of shale samples are divided into two categories, 
namely, radiation and fluid penetration methods (Clarkson et al., 2012). 
Radiation methods, including scanning electron microscopy (SEM), field emission scanning 
electron microscopy, backscatter mode SEM, transmission electron microscopy, three dimension 
(3D) image reconstruction technology and computed tomography, have provided direct visual 
observation of microscopic features in shale samples (Jarvie et al., 2007; Slatt and O’Brien, 2011; 
Zou et al., 2011; Curtis et al., 2012; Loucks et al., 2012). In particular, 3D image reconstruction 
technology can be used to investigate the shale microstructure and analyze the characteristics of 
pores (Curtis et al., 2012). For these radiation methods, their higher resolutions correspond to 
smaller sample sizes (Long et al., 2009), and smaller samples are less representative because of the 
strong heterogeneity of shale (Slatt and O'Brien, 2011; Curtis et al, 2012). 
Fluid penetration methods include low temperature nitrogen adsorption/desorption (LTNA) and 
mercury intrusion porosimetry (MIP). They refer to injecting a non-wetting fluid into a shale 
sample and recording the fluid volume and injection pressure. The pore size distribution and 
specific surface area are then calculated using several theoretical models (Ross and Bustin, 2009; 
Clarkson et al., 2012, 2013; Li et al., 2015; Okolo et al., 2015). Because of the differences in the 
experimental environment (temperature and pressure) and the properties of the injected fluids, the 
LTNA and MIP methods detect different pore size ranges. The nanometer- to micrometer-scale pore 
systems in shale samples were evaluated by combining the results of them (Clarkson et al. 2012, 
2013; Okolo et al. 2015). However, the LTNA and MIP methods only reflect interconnected pores, 
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as the injected fluids cannot access isolated pore volumes (Bolton et al., 2000; Sigal, 2009; 
Clarkson et al., 2013; Kuila et al., 2014). In addition, the results of the MIP method reflect the pore 
volumes connected by throats corresponding to different injection pressures, which are much 
smaller than the pore sizes (Josh et al., 2012; Kuila and Prasad, 2013; Lin et al., 2015). 
Recently, the splicing of backscattered scanning electron microscopy (SB-SEM) method has 
been used in the evaluation of microscopic pore characteristics of shale samples (Zhang et al., 2017). 
This method uses matrix backscatter mode scanning performed at high resolution on a polished 
surface of a shale sample in order to obtain a series of images in rows and columns. Then, those 
images are assembled to form a relatively large image. This study used the Lower Silurian 
Longmaxi Shale samples from Py1 well in Southeast Chongqing as an example to evaluate the 
microscopic pore characteristics of shale samples and compare the results of pore size distributions 
and specific surface areas with those obtained using other methods, such as LTNA and MIP. 
2. Samples and methods 
2.1. Samples 
Two samples from the Lower Silurian Longmaxi Shale obtained from a key exploratory well 
(Py1 well) drilled for shale gas exploration in Southeast Chongqing (Fig. 1). Southeast Chongqing 
has an area of approximately 1.98×104 km2. Hubei Province, Guizhou Province and Hunan 
Province lie to the north, south and east of Southeast Chongqing. It belongs to the Yangtze tectonic 
plate and is located in the Wuling Drape Zone and the Western Hunan-Hubei Thrust Belt. The 
Xuefengshan Uplift and Sichuan Basin lie to the east and northwest of Southeast Chongqing, 
respectively (Fig. 1). The residual strata of Paleozoic age date to the Cambrian, Ordovician and 
Silurian, and the other layers are denuded or missing. The Lower Paleozoic marine shales mainly 
include the Lower Cambrian Niutitang Shale and the Lower Silurian Longmaxi Shale, which are 
widely deposited in Southeast Chongqing. The Longmaxi Shale has yielded shale gas from all of 
the exploratory wells that have been drilled for shale gas exploration, such as Py1, Yy1, Jq1 and 
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Ny1 (Fig. 1), and commercial gas flow has been obtained from several wells, including Py1 well. It 
indicates that the Longmaxi Shale in Southeast Chongqing has a good exploration potential for 
shale gas. The sample no. 1 is mudstone and the other is carbonaceous shale, which are typical of 
marine shale found in southern China (Fig. 1). Geochemical characteristics and geological features 
of the samples, such as total organic carbon (TOC), Rock-Eval parameters (S1, S2, and Tmax), 
vitrinite reflectance (Ro), element of organic matter (C, H, O, N and S), porosity from the Gas 
Research Institute (GRI) method, and mineral composition are shown in Table 1 and Table 2. 
2.2. LTNA 
The low temperature N2 adsorption/desorption (LTNA) measurements were performed using an 
ASAP 2020 Micropore Physisorption Analyzer to measure the pore size distributions and specific 
surface areas of the shale samples. Approximately 200-500 mg of crushed sample (60-80 mesh) was 
preheated in a vacuum oven at 80 °C for 12-16 hours to remove all pore fluids, such as water, oil 
and adsorbed gas. Reagent-grade nitrogen (99.999%) was used as the adsorbate at -196.15 °C. The 
adsorption-desorption isotherms were achieved from recording the adsorption and desorption 
volumes under relative pressures ranging from 0.01 to 1, and the equilibration time was set as 10 s. 
Pore size distributions were obtained from the adsorption isotherms using the density functional 
theory (DFT) method, assuming cylindrical pores (Seaton and Walton, 1989; Lastoskie et al., 1993; 
Zhang and Yang, 2013). Pore volumes were obtained using the Barrette Joynere Halenda (BJH) 
method (Gregg and Sing, 1982), and specific surface areas were calculated using the Brunauer 
Emmette Teller (BET) method. 
2.3. MIP 
Mercury intrusion porosimetry (MIP) is a technique that is widely used in measuring pore size 
distribution (Kate and Gokhale, 2006; Cao et al., 2015; Wang et al., 2015). The experiments were 
performed using a Micromeritics AutoPore IV 9500, which has the ability to reach pressure up to 
approximately 413.7 MPa or 600000 psi, representing a pore throat size of approximately 3 nm 
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(Clarkson et al., 2013; Kuila et al., 2014). Before the experiments, the cylindrical plug core samples 
(diameter of approximately 2.5 cm) were dried for 15 hours at 110 °C in a vacuum drying oven to 
drive off any physically adsorbed water. The intrusion and extrusion curves were obtained from 
recording the volumes of mercury injected and ejected under different pressures during the process 
of increasing the pressure up to approximately 120 MPa and reversed by decreasing the pressure 
stepwise. The pore radius corresponding to the pressure was calculated using the Washburn 
Equation (Eq. (1)). The pore frequencies, volumes and specific surface areas of different pore sizes 
could be calculated using Eq. (2), (3) and (4). 
ri = (-2σcosθ)/Pi                   (1) 
100%×)/(= ∑
n
1=j
3
j
j
3
i
i
i-MIP r
V
r
V
F           (2) 
ФMIP-i=Vi/V×100%                 (3) 
SSAMIP-i=2Vi/(ri·M)                 (4) 
where ri is the pore radius (µm) when mercury just accesses under the ith pressure Pi (MPa). σ is the 
interfacial tension of mercury, which is 0.48 J/m2 in the MIP experiment. θ is the contact angle 
between mercury and the pore surface, which is 140 º in the MIP experiment (Kate and Gokhale, 
2006; Cao et al., 2015; Wang et al., 2015). FMIP-i is the pore frequency in the ith size range (%). Vi 
(cm3) is the volume of mercury injected under the ith pressure Pi. ФMIP-i is the volume ratio of pores 
in the ith size range and shale sample (%). V is the volume of sample (cm3). SSAMIP-i is the special 
surface area of pores in the ith size range (m2/g). M is the mass of shale sample (g). 
2.4. SB-SEM 
2.4.1. Experimental setup 
The SB-SEM method applies matrix backscatter mode scanning at high resolution to a polished 
surface of a shale sample to obtain a series of equally spaced images with overlapping edges 
arranged in a series of rows and columns. The polished surface is perpendicular to the horizontal 
plane. Those images are then assembled to become a relatively large image with high resolution. 
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The operating procedures of the SB-SEM experiment were shown in Fig. 2. For each sub sample 
(the sub samples are cylindrical and have a diameter of 25 mm and a width of 2-5 mm), a surface 
approximately 5 mm in length and 3 mm in height was polished by argon-ion method to produce a 
smooth surface using a Hitachi Ion Milling System IM 4000 with an accelerating voltage of 3 kV. 
Then, the smooth surface was coated with carbon powder (10 nm in thickness) for the purpose of 
obtaining a conductive surface without charging. After these pretreatments, the images (55×55 
matrix) were obtained from each sample using a Helios NanoLab 650 instrument with a voltage of 
10 kV, a beam value of 10 pA and a resolution of 10 nm. 
2.4.2. Models for evaluating organic pore volume and specific surface area 
Although the microscopic pore structure in shale reservoir is strongly heterogeneous, this issue 
will be gradually overcome as the number or the total area of high-resolution SB-SEM images 
increases. When the number (or the total area) reaches a certain value, the frequencies, volumes and 
specific surface areas of organic pores with different sizes in shale samples will tend to be stable, 
which will be discussed in Section 3.3. Based on this assumption, models for evaluating the 
volumes and specific surface areas of organic pores with different sizes in shale samples were 
established using the results from the SB-S M method. The area ratio of organic pores and organic 
matter grains was obtained by identifying the organic pores and organic matter grains in the 
SB-SEM images. Combined with the total organic carbon, the carbon element weight percentage in 
organic matter, the organic matter density and the rock density, the area ratio of organic pores and 
organic matter grains in 2D was converted to a volume ratio of organic pores in shale sample. The 
volumes of organic pores with different sizes were calculated using Eq. (5) (Chen et al., 2014; Gu et 
al., 2015). The organic matter content of shale sample was calculated using Eq. (6), which is the 
result of TOC value divided by carbon element weight percentage in OM. 
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Φ                (5) 
OM=TOC/COM×100%                             (6) 
where Фorganic-i is the volume ratio of organic pores in the shale sample, and the organic pores are in 
the ith size range (%). SФorganic-i is the area of organic pores in the ith size range (m2). Sorganic is the 
area of organic matter grains (m2). n is the number of SB-SEM images. OM is the organic matter 
content of shale sample (%). ρorganic is the density of organic matter, and it is approximately 1.2 
g/cm3 (Okiongbo et al., 2005). ρrock is the density of rock (g/cm3). COM is the carbon element weight 
percentage in OM (%). 
The ratio of organic pore perimeters and organic matter grain areas was also obtained by 
identifying the organic pores and organic matter grains in the SB-SEM images. Combined with the 
organic matter content and the organic matter density, the specific surface areas of organic pores 
with different sizes were calculated using Eq. (7). 
organic
n
1
organic
n
1
i-Φorganic
i-organic ×=
∑
∑
ρ
OM
S
L
SSA                       (7) 
where SSAorganic-i is the specific surface area of organic pores (m2/g), and the organic pores are in the 
ith size range. LФorganic-i is the perimeter of organic pores in the ith size range (m). 
2.4.3. Models for evaluating inorganic pore volume and specific surface area 
In the same way, the area ratio of inorganic pores and inorganic matrixes was obtained by 
identifying the inorganic pores in the SB-SEM images. Combined with the percent inorganic matrix 
content, the inorganic matrix density and the rock density, the area ratio of inorganic pores and 
inorganic matrixes in 2D was converted to a volume ratio of inorganic pores in shale sample. The 
volumes of inorganic pores with different sizes were calculated using Eq. (8) (Chen et al., 2014; Gu 
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et al., 2015). The inorganic matrix density was calculated using Eq. (9). 
100%×
)-(1×
×=
inorganic
rock
n
1
inorganic
n
1
i-Φinorganic
i-inorganic
∑
∑
ρ
OMρ
S
S
Φ        (8) 
OMρ-ρ
OMρρ
ρ
rockorganic
rockorganic
inorganic
)-(1
=                        (9) 
where Фinorganic-i is the volume ratio of inorganic pores in the shale sample (%), and the inorganic 
pores are in the ith size range. SФinorganic-i is the area of inorganic pores in the ith size range (m2). 
Sinorganic is the area of inorganic matrixes, which is equal to the difference between the image area 
and the organic matter grain area (m2). ρinorganic is the density of inorganic matrix (g/cm3). 
The ratio of inorganic pore perimeters and inorganic matrix areas was obtained by identifying 
the inorganic pores in the SB-SEM images. Combined with the inorganic matrix content and 
inorganic matrix density, the specific surface areas of inorganic pores with different sizes were 
calculated using Eq. (10). 
inorganic
n
1
inorganic
n
1
i-Φinorganic
i-inorganic
-1
×=
∑
∑
ρ
OM
S
L
SSA                   (10) 
where SSAinorganic-i is the specific surface area of inorganic pores (m2/g), and the inorganic pores are 
in the ith size range. LФinorganic-i is the perimeter of inorganic pores in the ith size range (m). 
3. Results 
3.1. LTNA 
Because pores are connected by throats and pore sizes are much larger than throat sizes, the 
hysteresis loops are common in shale samples. According to the IUPAC classification (Sing et al., 
1985), the hysteresis loops of the two samples belong to type H3 (Fig. 3a and b). It suggests that the 
slit and wedge-shaped pores are developed in the two samples. Moreover, the adsorbed N2 
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quantities of sample no. 2 at the minimum and maximum relative pressures are all higher than those 
of sample no. 1, indicating that the small pore volume and total pore volume in sample no. 2 are 
more developed than those of sample no. 1, which is also reflected by the pore size distributions 
obtained using the BJH and DFT models (Fig. 3c and d). The volumes of pores with different sizes 
from the BJH model are larger than those of DFT model. The trends in pore size distribution from 
the two models are consistent when the pore size is larger than 3 nm. However, for pore sizes 
smaller than 3 nm, the pore volumes calculated using the BJH model increase obviously with 
decreasing pore size, and the pore volumes calculated using the DFT model decrease with 
decreasing pore size. In addition, the pore size distributions using the DFT model have multiple 
peaks, which may prefer to describe the pore size distribution of small pores, such as micropores or 
narrow mesopores (Li et al., 2015). The BJH model is more suitable for measuring mesopores 
rather than micropores (Wang et al., 2014), so the results from BJH model are unreliable while pore 
sizes smaller than 3 nm. At the same time, the precision of DFT model was greatly improved 
because the density distribution of adsorption layer was corrected (Seaton and Walton, 1989; 
Lastoskie et al., 1993). 
3.2. MIP 
The relationships between the injected/ejected mercury saturation/cumulative porosity and pore 
width of the two shale samples were shown in Fig. 4. The values of max saturation and cumulative 
porosity from the two samples are 31.15 %, 0.56 % and 45.34 %, 1.02 %. The mercury obviously 
accessed into the pore systems of the two samples while the pore width is smaller than 5 µm and 
quickly injected into the pore systems while the pore width is smaller than 100 nm. The pore sizes 
of the dominated pore volumes in the two samples are both smaller than 100 nm (Fig. 4). 
3.3. SB-SEM 
The composite images, local images and single scan images obtained from the two shale 
samples using the SB-SEM method are shown in Fig. 5. The size of each composite image is 
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1.014×0.875 mm2, and each composite image is composed of 3025 individual images (55×55). The 
size of each local image is 0.1232×0.0921 mm2, and each local image contains 42 individual images 
(6×7) and is marked by a red rectangle in the composite image. The size of a single scan image is 
0.02×0.0173 mm2. Inorganic pores, organic pores, organic matter grains and several minerals were 
identified in these images, which were taken at multiple scales. 
To determine how many SB-SEM images or areas are needed to largely overcome the 
heterogeneity of pore volume in shale sample, the parameters of the two shale samples, such as the 
perimeters and areas of organic and inorganic pores, as well as the areas of organic matter grains 
and images, were identified and analyzed based on the SB-SEM images. The organic and inorganic 
surface porosity values were calculated using Eq. (5) and Eq. (8). The changes in organic and 
inorganic surface porosity values with the areas of SB-SEM images show that, when the SB-SEM 
image areas are smaller than 0.4 mm2, the changes in organic and inorganic surface porosity values 
clearly fluctuate with areas of images. In addition, the surface porosity values become almost stable 
while the image areas are bigger than 0.4 mm2 (Fig. 6). This shows that the heterogeneities of 
organic and inorganic pore volumes in the two shale samples can be largely overcome when the 
SB-SEM image areas are bigger than 0.4 mm2 on the basis of the limited data available. So the 
results of frequencies, volumes and specific surface areas of organic and inorganic pores with 
different sizes in the two shale samples from SB-SEM method are relatively credible while the 
SB-SEM image areas are bigger than 0.4 mm2. 
4. Discussion 
4.1. Comparison of pore frequencies with those of other methods 
The frequencies of pores with different sizes determined using the SB-SEM, LTNA and MIP 
methods show that the number of pores smaller than 50 nm in width is dominant in the pore size 
range of 0-400 nm, and the pore frequency decreases with increasing pore size (Fig. 7). The 
frequencies of organic and inorganic pores with different sizes (Fig. 7a and b), as well as the 
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frequencies of pores with different sizes (Fig. 7c and d), were calculated by the SB-SEM method. 
The organic pores are mainly distributed within the relatively small pore size range, whereas the 
inorganic pores are mainly distributed in relatively large pore size range. The number of organic 
pores is absolutely dominant. The SB-SEM underestimates the number of pores smaller than 20 nm 
in width, because the pores have sizes that are smaller than or close to the resolution of SB-SEM 
images. The pores identified using the SB-SEM method mainly concentrate in the pore width range 
smaller than 150 nm, and the pore frequency gradually decreases with increasing pore size (Fig. 7c 
and d). The pore frequencies obtained using the LTNA (Fig. 7e and f) and MIP (Fig. 7g and h) 
methods are very similar. The pores identified by the LTNA and MIP methods mainly concentrate in 
the pore width range smaller than 50 nm. The pore frequency quickly decreases with increasing 
pore size, and the decreasing trends are much more obvious than those revealed by the SB-SEM 
method. 
Although the SB-SEM method underestimates the number of pores smaller than 20 nm in width, 
it can evaluate the frequencies of pores larger than 100 nm in width, which are not effectively 
evaluated by the LTNA method and are underestimated by the MIP method. The process of crushing 
sample for the LTNA measurement creates some concave and convex surfaces that do not exist in 
the original sample and affect the result. In addition, the precision of LTNA method is significantly 
reduced for pores that are larger than 100 nm in width and it is not suitable for measuring pores 
larger than 100 nm in width (Li et al., 2015). The MIP method measures the volumes of throats and 
pores connected by throats at different pressures. When calculating the frequencies, volumes and 
specific surface areas of pores, the volumes of throats and pores were considered as the volumes of 
throats (Josh et al., 2012; Kuila and Prasad, 2013; Lin et al., 2015), which are much smaller than the 
corresponding pores. The MIP method inevitably overestimates the frequencies, volumes and 
specific surface areas of small pores, and underestimates those of relatively large pores. 
4.2. Comparison of pore volumes with those of other methods 
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The volumes of pores with different sizes obtained using the SB-SEM, LTNA and MIP methods 
show that pore volume decreases with increasing pore size (Fig. 8). The volumes of organic and 
inorganic pores with different sizes (Fig. 8a and b), as well as the volumes of pores with different 
sizes (Fig. 8c and d), were measured using the SB-SEM method. The volumes of organic and 
inorganic pores with different sizes show approximately normal distributions. The volumes of 
organic pores are mainly concentrated in a relatively small pore size range, whereas the volumes of 
inorganic pores are mainly concentrated in a relatively large pore size range. The pore volume 
boundary values between the dominant volume of organic and inorganic pores of the two shale 
samples correspond to approximately 50 nm and 100 nm in pore width, respectively. The pore 
volume from the SB-SEM method decreases with increasing pore size in the range of 50-400 nm 
(Fig. 8c and d). At the same time, the SB-SEM method underestimates the pore volume. The reason 
is that the SB-SEM method identifies pores from 2D images, and it is difficult to identify the pores 
when their long axes are almost parallel to the surface of image. The pore volume results from the 
LTNA (Fig. 8e and f) and MIP (Fig. 8g and h) methods are very similar in the pore width range 
smaller than 400nm. The pore volumes measured by the LTNA and MIP methods are mainly 
concentrated in the pore width range smaller than 50 nm. The pore volume quickly decreases with 
increasing pore size, and the decreasing trends are much more obvious than those of the SB-SEM 
method. 
Compared with the results of the LTNA and MIP methods, the SB-SEM method underestimates 
the volumes of pores smaller than 20 nm in width. As discussed in section 4.1, the LTNA and MIP 
methods systematically overestimate the volumes of pores smaller than 20 nm in width. For shale 
sample, the SB-SEM method is available to measure the volumes of pores larger than 100 nm in 
width, which are not effectively evaluated by the LTNA method and are underestimated by the MIP 
method. 
4.3. Comparison of specific surface areas with those of other methods 
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The specific surface areas of pores with different sizes obtained using these methods show that 
the specific surface area decreases with increasing pore size (Fig. 9). The specific surface areas of 
organic and inorganic pores with different sizes (Fig. 9a and b), as well as the specific surface areas 
of pores with different sizes (Fig. 9c and d), were measured using the SB-SEM method. The 
specific surface areas of organic and inorganic pores with different sizes show approximately 
normal distributions. The specific surface areas of organic pores are mainly concentrated in a 
relatively small pore size range, while the specific surface areas of inorganic pores are mainly 
concentrated in a relatively large pore size range. The specific surface area boundary values 
between the dominant specific surface areas of organic and inorganic pores of the two shale samples 
correspond to approximately 50 nm and 100 nm in pore width, respectively. The specific surface 
area from the SB-SEM method gradually decreases with increasing pore size (Fig. 9c and d). The 
specific surface areas obtained using the LTNA method (Fig. 9e and f) and the MIP method (Fig. 9g 
and h) are similar, which are mainly concentrated in the pore width range smaller than 50 nm. The 
specific surface area quickly decreases with increasing pore size, and the decreasing trends are 
much more obvious than those obtained using the SB-SEM method.  
Compared with the results from the LTNA and MIP methods, the SB-SEM method 
underestimates the specific surface areas of pores smaller than 20 nm in width. As discussed in 
section 4.1, the LTNA and MIP methods overestimate the specific surface areas contributed by 
small pores and miss or underestimate the specific surface areas of relatively large pore size range. 
The SB-SEM method is suitable to evaluate the specific surface areas of pores larger than 100 nm 
in width, which are not effectively evaluated by the LTNA method and are underestimated by the 
MIP method. 
4.4. Advantages and disadvantages of the SB-SEM method 
The benefits of the SB-SEM method include: (i) it uses radiation method to directly obtain the 
characteristics of organic and inorganic pores, such as the frequencies, volumes and specific surface 
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areas of pore with different sizes, and the results of quantitative evaluation are highly reliable; (ii) 
the heterogeneities of organic and inorganic pore volumes in shale samples are nearly overcome by 
using the SB-SEM method; and (iii) it is suitable to distinguish organic and inorganic pores in shale 
samples and evaluate the specific surface areas of pores larger than 100 nm in width that are not 
effectively evaluated by the LTNA method and are underestimated by the MIP method. The LTNA 
and MIP methods cannot distinguish and evaluate inorganic and organic pores. The LTNA method 
can quantitatively evaluate the characteristics of pores smaller than 100 nm in three-dimension and 
its precision obviously decreases for the pores larger than 100 nm. The MIP method can 
quantitatively evaluate the full scale of pores including micro-fracture and nano-scale pores in 
three-dimension. It inevitably overestimates the frequencies, volumes and specific surface areas of 
small pores, and underestimates those of relatively large pores. 
The SB-SEM method has two disadvantages. The first one is that it cannot evaluate the full 
range of pore sizes. The method cannot identify the pores smaller than the resolution of SB-SEM 
image and has difficulty in recognizing pores with sizes close to the resolution. The pore size range 
that can be effectively evaluated using the SB-SEM method is determined by the resolution/ 
magnification time of single image, the total area of spliced image and the observation position. The 
other disadvantage is that the pores are identified from 2D images in the SB-SEM method. It is 
difficult for the SB-SEM method to identify the pores when the long axes of pores and the direction 
of 2D image are almost parallel. 
5. Conclusions 
The changes in organic and inorganic surface porosity with image area from the Longmaxi 
Shale samples become almost stable when the SB-SEM image areas are larger than 0.4 mm2. It 
indicates that the heterogeneities of organic and inorganic pore volumes in shale samples can be 
nearly overcome while the SB-SEM image areas are larger than 0.4 mm2. The SB-SEM method is 
suitable for evaluating the frequencies, volumes and specific surface areas of organic and inorganic 
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pores with different sizes in shale samples. 
Compared with the results of the LTNA and MIP methods, the SB-SEM method underestimates 
the frequencies, volumes and specific surface areas of pores smaller than 20 nm in width. However, 
it is available to evaluate these characteristics of pores larger than 100 nm in width, which are not 
effectively evaluated by the LTNA method and are underestimated by the MIP method. 
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Nomenclature 
Ro     Vitrinite reflectance, % 
S0      Gaseous hydrocarbon, mg/g 
S1      Free hydrocarbon quantity, mg/g 
S2      Pyrolysis hydrocarbon quantity from kerogen, mg/g 
Tmax     Peak temperature of pyrolysis hydrocarbon, ºC 
ri       Pore radius, µm 
σ       Interfacial tension of mercury, 0.48 J/m2 
θ       Contact angle between mercury and the pore surface, º 
Pi       Mercury injection pressure, MPa 
FMIP-i    Pore frequency in the ith size range, % 
Vi       Volume of mercury injected under the ith pressure Pi, cm3 
V       Volume of sample (cm3) 
ФMIP-i    Volume ratio of pores in the ith size range and shale sample, % 
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SSAMIP-i   Special surface area of pores in the ith size range, m2/g 
M        Mass of shale sample, g 
Фorganic-i   Volume ratio of organic pores in the ith size range and shale sample, % 
SФorganic-i   Area of organic pores in the ith size range, m2 
Sorganic     Area of organic matter grains, m2 
n         Number of SB-SEM images 
ρorganic     Density of organic matter, g/cm3 
ρinorganic    Density of inorganic matrix, g/cm3 
ρrock       Density of rock, g/cm3 
COM       Carbon element weight percentage in organic matter, % 
SSAorganic-i   Specific surface area of organic pores in the ith size range, m2/g 
LФorganic-i    Perimeter of organic pores in the ith size range, m 
Фinorganic-i    Volume ratio of inorganic pore in the ith size range and shale sample, % 
SФinorganic-i    Area of inorganic pores in the ith size range, m2 
Sinorganic      Area of inorganic matrix, m2 
SSAinorganic-i   Specific surface area of inorganic pore in the ith size range, m2/g 
LФinorganic-i    Perimeter of inorganic pore in the ith size range, m 
TOC        Total organic carbon content, % 
OM         Organic matter content, % 
Abbreviations 
SB-SEM     Splicing of backscattered scanning electron microscopy 
LTNA       Low temperature nitrogen adsorption/desorption 
MIP         Mercury intrusion porosimetry 
SEM        Scanning electron microscopy 
GRI         Gas Research Institute 
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3D          Three dimension 
2D          Two dimension 
DFT         Density functional theory 
BJH         Barrette Joynere Halenda 
BET         Brunauer Emmette Teller 
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Table 1 
The base geological and geochemical characteristics of the shale samples. 
Sample 
no. 
Depth 
(m) 
Ro 
(%) 
TOC 
(%) 
Tmax 
(°C) 
S0 
(mg/g) 
S1 
(mg/g) 
S2 
(mg/g) 
Element of OM 
(wt. %) 
Bulk 
density 
(cm3/g) 
Grain 
density 
(cm3/g) 
GRI 
porosity 
(%) C H O N S 
1 2079.92 2.70 1.3 323.3 0.0013 0.0004 0.0035 85.57 1.96 6.39 2.42 3.66 2.71 2.76 1.81 
2 2156.75 2.79 3.89 361.7 0.004 0.0085 0.0238 86.19 1.54 7.24 2.30 2.73 2.60 2.66 2.26 
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Table 2  
The mineral compositions of the shale samples. 
Sample 
no.
 
Whole-rock mineral compositions (%)  Relative clay mineral content (%) 
Clay Quartz Feldspar Calcite Dolomite Aragonite Pyrite Barite  Illite Chlorite I/S a %S b 
1 45.5 31.1 9.8 3.1 / 4.7 3.0 2.8  45 13 42 5 
2 42.5 30.8 10.9 0.3 5.8 / 8.7 1.0  64 12 24 5 
a
 I/S is the weight percentage of illite-smectite mixed-layer in clay minerals. 
b
 %S represents the weight percentage of smectite in the illite-smectite mixed-layer. 
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Fig. 1. The stratigraphic column of Py1 well and the location of Southeast Chongqing.
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Fig. 2. The operating procedures of the SB-SEM experiment.
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Fig. 3. Adsorption/desorption isotherms (a, b) and pore size distributions (c, d) calculated using the 
BJH and DFT models using the adsorption branch from the LTNA measurements.
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Fig. 4. The mercury saturation and cumulative porosity of intruded and extruded mercury curves 
from the MIP method.
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Fig. 5. The images of the Longmaxi Shale samples from Py1 well at multiple scales using the 
SB-SEM method. Figure a, c, and e show images from sample no. 1. Figure b, d and f show images 
from sample no. 2. Figure a and b are the composite images. Figure c and d are the local images, 
and the location is marked by a red rectangle in the composite images. Figure e and f are single scan 
images, and the location is marked by a red rectangle in the local images.
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Fig. 6. The changes in organic and inorganic surface porosity with area, as determined from the 
SB-SEM images.
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Fig. 7. The frequencies of pores with different pore widths obtained using the SB-SEM, LTNA and 
MIP methods. Panels a, b, c and d show the results from SB-SEM. Panels a and b show the 
frequencies of organic and inorganic pores for different pore widths. Panels c and d are the total 
frequencies of organic and inorganic pores for different pore widths. Panels e and f are the results 
from LTNA. Panels g and h show the results from MIP.
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Fig. 8. The volumes of pores having different pore widths obtained using the SB-SEM, LTNA and 
MIP methods. Panels a, b, c and d show the results from SB-SEM. Panels a and b show the volumes 
of organic and inorganic pores with different pore widths. Panels c and d show the total volumes of 
organic and inorganic pores with different pore widths. Panels e and f show the results from LTNA. 
Panels g and h show the results from MIP.
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Fig. 9. The specific surface areas of pores with different pore widths obtained using the SB-SEM, 
LTNA and MIP methods. Panels a, b, c and d are the results from SB-SEM. Panels a and b are the 
organic and inorganic specific surface areas for different pore widths. Panels c and d are the total 
specific surface areas of organic and inorganic pores with different pore widths. Panels e and f are 
the results from LTNA. Panels g and h are the results from MIP. 
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Highlights 
● The splicing of backscattered scanning electron microscopy method was introduced. 
● The pore heterogeneity in shale sample decreases with increasing SB-SEM image area. 
● The characteristics of pores in shale sample were evaluated by SB-SEM method. 
● The results from SB-SEM were compared with those of LTNA and MIP methods. 
